Abstract. The dynamics of the rotational freezing transition of the rotator phase (RP) crystal of ethanol into its orientational glass (OG) phase is monitored by measurements of molecular rotational components in the quasielastic neutron scattering spectrum. Such a transition is known to share several features in common with the canonical liquid −→ glass transition (both taking place within the same temperature interval), and therefore some of the results from such a study should be of relevance for our understanding of the latter. We show that the basic features of the RP −→ OG transition can be understood in terms of a hard-needle model by means of a mapping of the aspect ratio onto a temperature scale.
Freezing of rotational motions in some plastic (rotationally disordered or rotator phase) crystals is known to take place by means of a sluggish transformation leading to an orientationally disordered crystal state (orientational glass, OG) where molecular rotations are completely arrested [1] . Such transitions are signalled by jumps in the specific heat as well as in the coefficient of thermal expansion without involving any further structural change (the same crystal lattice is retained upon freezing). That is, they share the basic fingerprints of the nonequilibrium transition which occurs by rapid cooling of a liquid leading to an amorphous solid, and therefore are regarded as true 'glass transitions'.
The liquid −→ glass transition may either be viewed as a purely dynamical phenomenon without any associated changes in static quantities [2] or understood as a remnant of an underlying thermodynamic phase change [3, 4] which is partially hidden for purely kinetic reasons. Arguments in favour of both points of view are partially supported by experimental data, and both alternatives are grounded on fairly well elaborated theoretical frameworks such as kinetic theories of the mode-coupling family [2] or the treatments concerning the dynamics of critical phenomena [3] .
The main difficulties in evaluating the merits of the two approaches concern the wide range of complex phenomena involved within the glass transition of a real material which hide some of the behaviours expected to appear as characteristic signatures of the transition. In fact, most systems where detailed studies can be carried out within the deeply supercooled liquid do show a rich variety of phenomena such as molecular rotations and/or low-energy vibrations, which are strongly coupled to the translational dynamics due to the huge viscosity characteristic of temperatures near the glass transition point T g .
In contrast, the glass transition leading from rotator phase crystals (RP) to the orientationally disordered (orientational glass, OG) state can possibly be understood as a purely dynamic crossover. To assess such characteristics we compare neutron scattering data for ethanol across the above-mentioned transition with those resulting from a simple, albeit nontrivial, model [5] which exhibits a purely dynamical crossover. We find very similar signatures of the RP −→ OG transition in the two cases, which lends strong support to the view that such a transition is a purely dynamic phenomenon.
Our choosing of this particular sample follows previous work [7, 8] which shows that it presents some important advantages over other systems studied so far [6] . In particular, ethyl alcohol has the unique feature that it can be prepared in two different phases showing glassy behaviour at the same temperature, one of these phases having structural disorder (liquid and glass) and the other having orientational disorder (RP and OG). In the disordered crystals the molecular centres of mass sit at the nodes of a body-centred-cubic (bcc) lattice [9, 10] , and melting into the RP is signalled by a jump in specific heat [8] , which amounts to about 80% of that of the liquid −→ glass one, as well as a jump in the thermal expansivity. Both liquid −→ glass and the RP −→ OG transitions occur in a temperature interval centred at about 97 K. Such proximity of the two transitions was also revealed by dielectric spectroscopy [11] where both α-and sub-T g relaxations appear that are astoundingly close in frequency and temperature dependence. Hence the canonical glass transition seems to be dominated by the freezing of the orientational degrees of freedom. If there is evidence that the RP −→ OG transition is purely dynamical, the same conclusion should apply for the canonical glass transition. Hence our study even sheds new light on the nature of the structural liquid-glass transition.
Neutron quasielastic scattering experiments were carried out to explore the microscopic dynamics within scales of about 1 meV (≈1.5 ps −1 ) and of about 1 µeV, using the QENS spectrometer at the IPNS (Intense Pulsed Neutron Source), as well as the IN16 backscattering spectrometer at the Institut Laue-Langevin (Grenoble). Partially (C 2 D 5 OH) deuterated samples were employed to monitor its state (glass, liquid or cubic crystal) by means of inspection of the diffraction patterns.
The measured spectra show at both at meV and µeV scales a strong elastic (resolutionlimited) component plus a quasielastic contribution as shown in figure 1 . The temperature dependence of the quasielastic linewidths is shown in figure 2. Apart from details arising from the rather different frequency windows of the two spectrometers, the same dependence is observed, showing that the broadening of the quasielastic spectrum increases in a non-trivial fashion through the rotational melting transition.
The assignment of the observed broadenings to underlying microscopic motions requires the use of a model to represent the dynamics [12] . From symmetry considerations one expects the molecular motions to be describable in terms of formalisms such as that developed to account for the neutron scattering law for reorientations about [100], [110] and [111] axes of a cubic lattice [13] . It predicts a scattering law given in terms of four classes of molecular rotations with jump rates τ −1 j , j = 1-4. Two of those are set from the (inverse of the) linewidth of the quasielastic spectra measured at both instruments. However, their assignment to specific motions requires additional information from some other sources. To this end, we have carried out molecular dynamics simulations on the NP T -ensemble (the cell shape is allowed to fluctuate) using a realistic model potential for the microscopic interactions [14] . The results of this endeavour were gratifying since: (a) the equilibrium lattice structure is reproduced; (b) freezing of rotational motions occurs below 100 K; and (c) the crystal structure becomes unstable above 120 K, which is quite close to the experimental value. From analysis of the computed trajectories, it was found that molecules will reorient between some 24 preferred orientations with vastly different rates. Reorientations leaving unaffected the most preferred orientations (a C-O bond along the [001] direction and a C-C bond close to [111] , and those related by symmetry) were found to take place on the picosecond scale, whereas far more infrequent jumps occurring on scales of hundreds of picoseconds were also monitored. The calculated intermediate dynamic structure factor F MD (Q, t) showed strong deviations from single-exponential behaviour and, as expected, four different decays were needed to fully account for its shape. Two of the fitted decays were found to be within the frequency windows covered by the experiments and therefore we identify the relaxations observed on both instruments with two different motions of the kinds referred to above. Apart from the variation with temperature of the linewidth, the RP −→ OG transition is also followed by a rise with temperature of the quasielastic intensity and the concomitant decrease of the elastic peak, as shown in figure 3 . As seen there, the transition is very nicely monitored by following the transfer of spectral intensity from elastic to quasielastic (or inelastic) scattering and this shows very similar characteristics for the two frequency windows.
From the data given above it is seen that molecular rotations occur in the rotator phase crystal on picosecond and nanosecond scales at temperatures where the main α-relaxation explored by dielectric spectroscopy [11] already reaches macroscopic relaxation times. Well below 85 K, rotational freezing seems complete, and all the molecular degrees of freedom which are thermally excited will contribute to the spectrum as inelastic (i.e. finite-frequency) signals [8] . This is in very good agreement with specific heat data [8] , which also shows that the extent in temperature of the transition is quite comparable to that evidenced by the present data (i.e. about 18 K). Some conceptually simple models have been reported in the literature which exhibit a purely dynamical glass transition. Among these, that developed by Renner et al [5] consisting of a set of hard infinitely thin needles on a lattice seems most appealing. Such bodies are executing free rotations between elastic collisions having their centres of mass located at the nodes of a cubic lattice. The only control parameter is the ratio = L/a of the needle length L to the lattice constant a [15] . Since the excluded volume of the needles is zero, all the static properties of the model are trivial (i.e. there are no static correlations). However, its transport and dynamic properties exhibit a strong dependence on . The dynamics of such a model was investigated by computer simulations carried out on a system of N = 432 infinitely thin needles with a homogeneous line mass density m/L whose centre-of-mass coordinates are fixed onto a bcc lattice in a periodically repeated cubic simulation box. From the calculated trajectories we obtained the time-autocorrelation function for the needle orientations as
where the angular brackets denote the canonical average and u i (t) is the time-dependent trajectory of the unit vector describing the orientation of the ith needle. We explored the range 1.0 5.0. The system was left to evolve over a long time corresponding to 10 6 collisions. As a result, as increases, the relaxation of 1 (t) becomes more and more sluggish, and for ∼ 3.4 the autocorrelation is almost blocked on the timescale explored in the simulation. For = 4.5 the orientational autocorrelation is almost equal to unity-that is, orientations become frozen within a very narrow solid angle. Let us now discuss how to establish a link between the needle model and our experimental data. First, as already mentioned, we choose a bcc lattice with a lattice constant of a = 5.36 Å to mimic the real RP crystal. Second, the timescale can be mapped directly. In the needle model it is set by the time τ ≡ mL 2 /24k B T . If we identify the moment of inertia of the needles J = mL 2 /12 with that of one ethanol molecule (J = 0.741 × 10 −45 kg m 2 ), we obtain that the timescale τ corresponds to ≈1 ps at T = 100 K which clearly sets the short-time rotational dynamics of ethanol. Consequently we can translate experimental frequencies into simulation data and vice versa. Finally, in the athermal needle model, only enters, whereas temperature is the crucial parameter for our measurements. In order to establish a mapping between and T , we write an inverse effective ratio 1/ as a Boltzmann factor 1/ = A exp (−E/k B T ) [16] . Clearly the limit → ∞ corresponds to zero temperature. The two free constants, namely the amplitude A and the energy scale E, are determined as follows.
(a) First we recall that if the needle length is smaller than the nearest-neighbour distance √ 3a/2 the needles are non-interacting free rotators which corresponds to infinite temperature and this serves to set the amplitude A = 2/ √ 3 = 1/ 0 . (b) Second, the energy scale E should correspond to the experimental glass transition temperature such that E = k B T g .
Hence, the translation of temperatures in the experiment into the effective ratios of our model is given by = 0 exp(T g /T * ). Because both experiment and computer simulations on the needle model or using a full microscopic potential share the same lattice structure, one expects that the shape of the 1 (t) autocorrelations will resemble that of F MD (Q, t) referred to above; this is a substantial departure from exponential behaviour arising from motions involving well separated timescales. That this is indeed the case is demonstrated by data shown in reference [5] . Also, our calculated functions did require a minimum of three exponentials to account for their shape.
A comparison between experimental and model results is enabled by calculation of a quantity equivalent to the measured spectrum such as the Fourier transform of 1 (t). We have numerically transformed our computer simulation data on 1 (t) into the frequency domain and convoluted them with the resolution function characteristic of each spectrometer. The resulting functions (ω) were split into elastic and quasielastic parts depending upon the width ω R . The linewidth and the amplitude of the quasielastic parts were determined as was done for the experimental data. The results for the widths corresponding to both resolution functions are given in figure 2, and those for the intensity ratios in figure 3 . Note that the simulated data were always expressed as temperatures via the translation given above. One clearly sees a kink in the Lorentzian intensities as well as in the linewidths of both experiments at meV and µeV scales and in the needle model data at temperatures of 95 K and 75 K respectively. Such features appear at the same temperatures irrespective of the scale of frequencies being explored. In other words, all rotations slow down with decreasing temperature showing fairly similar dependences on temperature of their characteristic jump rates. This is a clear-cut fingerprint of the orientational glass transition. On the other hand, the elastic intensities also exhibit similar kinks. The only difference between experiment and the model is in the relative magnitudes of the changes in elastic and quasielastic intensities as well as in the absolute values of the linewidths. The experiment contains a strong scattering component seen as an elastic peak (unresolved) with an intensity modulated by a strong Debye-Waller factor which includes contributions from both centre-of-mass motions and librational excursions. Such a contribution is obviously absent in the model which, by construction, shows no strictly elastic component. The relative widths of the crossovers are about 25 K in experiment and ≈70 K for the needle model, a difference expected from the absence in the latter case of a true interaction potential.
In conclusion, we have shown that the essential features of the scattering data across the orientational glass transition can be understood in terms of a purely dynamical model. The fingerprints of the transition as revealed by cusps in the inelastic scattering are very similar in the experiment and in the model. The implications of such an analogy in dynamic behaviour can, in the light of previous data, extend to a large extent to the canonical glass/liquid transition, inasmuch as the latter must carry a large rotational component (in fact, the jump in specific heat at the glass and OG −→ RP transitions corresponds to an activation of ≈2.8 degrees of freedom in the latter and about 3.7 in the former, the extra degree surely assignable to translational motions).
